Introduction
Herbicide resistance and insect resistance are the only two types of transgene-imparted traits for crops that have so far had a marked effect on agriculture. 1 The term 'herbicide-resistant crop' (HRC) describes crops made resistant to herbicides by transgene technology. HRCs have been the subject of numerous previous reviews, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] two books 16, 17 and special issues of the journal Pest Management Science in 2005 and 2008, the latter issue covering only glyphosate-resistant crops (GRCs). A review has covered agronomic and environmental aspects of HRCs. 18 Other reviewers have discussed the environmental impacts of all transgenic crops, with coverage of HRCs. 19, 20 Lutman et al. 21 and Kuiper et al. 22 published brief reviews of environmental consequences of growing HRCs. Other reviews have focused entirely on GRCs. 3, 4 Reviews on the fate of glyphosate in soil and water 23 and the influence of GRCs on soil 24 are available, but there is no review focused on the effects of GRC cultivation on soil and water quality. The vast majority of HRCs used in agriculture are GRCs. So, in this review, we focus on the potential effects of GRCs on soil and water quality. Different formulations of glyphosate will not be discussed, as the actual composition of additives to these products, other than the active herbicide ingredients, are generally trade secrets and can vary between geographical regions and with time, even with products of the same trade name. The potential environmental impact of a technology is often geography and/ or time dependent. Thus, extrapolation of the results and conclusions of studies to all situations is impossible. Generalizations from reported studies may not cover every situation. For a realistic assessment of risk, we will contrast certain risks of GRCs with the risks that the GRCs displace.
Glyphosate-Resistant Crops
Glyphosate [N-(phosphonomethyl) glycine] is a highly effective, non-selective herbicide. It is considered to be one of the most toxicologically benign pesticides. 25 Prior to introduction of GRCs, glyphosate was used in non-crop situations, before planting the crop, or with specialized application equipment to avoid contact with the crop or other desirable vegetation. [26] [27] [28] It inhibits the shikimate pathway by inhibiting the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS). This results in reduced aromatic amino acids and deregulation of the pathway. The latter effect causes massive flow of carbon into the shikimate pathway, with accumulation of high levels of shikimic acid and its derivatives. Glyphosate is particularly effective because most plants metabolically degrade it very slowly or not at all, and it translocates well to metabolically active tissues such as meristems. Its relatively slow mode of action allows movement of the herbicide throughout the plant before symptoms occur. Glyphosate is only used as a post-emergence herbicide, as it has little or no activity in soil. Glyphosate is an anion and is sold as a salt with different cations (e.g. isopropyl amine, trimethylsulfonium, diammonium).
Most GRCs are produced using the CP4 gene of Agrobacterium sp. (now classified as Rhizobium sp.), found to encode a highly efficient, glyphosate-resistant EPSPS. Plants transformed with this gene are highly resistant (ca. 50x) to glyphosate. 29 Glyphosate
Transgenic glyphosate-resistant crops (GRCs) have been commercialized and grown extensively in the Western Hemisphere and, to a lesser extent, elsewhere. GRCs have generally become dominant in those countries where they have been approved for growing. Potential effects of glyphosate on soil and water are minimal, compared to the effects of the herbicides that are replaced when GRCs are adopted. Perhaps the most important indirect effect is that GRCs promote the adoption of reduced-or no-tillage agriculture, resulting in a significant reduction in soil erosion and water contamination. Glyphosate and its degradation product, aminomethylphosphonate (AMPA), residues are not usually detected in high levels in ground or surface water in areas where glyphosate is used extensively. Furthermore, both glyphosate and AMPA are considered to be much more toxicologically and environmentally benign than most of the herbicides replaced by glyphosate.
the GRC/glyphosate package. 33, 34 Simplified and more flexible weed control also contributed to the rapid adoption. Approximately 62% of the canola acreage in the US was planted in GR varieties in 2005. 35 Adoption of GR soybeans was more rapid in Argentina than in the US 36, 37 Initially, the economic advantage was not as clear with GR maize, but after a lag phase adoption has increased rapidly to approach the level of adoption of cotton (Fig. 1) .
Despite great success with other GRCs, GR sugarbeet was not grown by North American sugarbeet farmers after it was first deregulated, due to concerns about acceptance of sugar from transgenic plants by the confectionary and other prepared food industries. Similar and other concerns resulted in a decision by the company owning GR wheat technology not to ask for deregulation in 2004. 38 40 Thus, comparing herbicide use rates has relatively little bearing on potential environmental damage or toxicological risk to humans or other animals.
Some studies have claimed that the volume of herbicide use is greater with GRCs. 41, 42 However, others, such as Heimlich et al. 43 have concluded that no significant change in the overall amount of herbicide has been observed with the adoption of GRCs in the USA. Indeed, USDA statistics showed little overall reduction in the volume of herbicides used in soybeans for the first 5 years after adoption of GR soybeans. 44 There is no clear agreement on the impact of GRCs on the volume of herbicide use. 45 Herbicide use patterns have changed dramatically in GRCs. For example, after introduction of in GR soybeans in the US, the use of herbicides other than glyphosate was reduced to only a small percent of what was used before. 44 In the case of cotton, Werth et al. 46 found that in Australia herbicide use patterns were altered by the adoption of GR varieties, with up to six times more glyphosate usage, but 21% fewer growers applied pre-emergence herbicides in GRC fields. Glyphosate was the most used active oxidoreductase (GOX), encoded by a gene from the soil microbe Ochrobactrum anthropi, degrades glyphosate to glyoxylate, a ubiquitous and safe natural product, and aminomethylphosphonate (AMPA), also a toxicologically benign compound. 25 This gene has been used along with the CP4 gene in GR canola. GR canola had an approximately 50-fold level of resistance to glyphosate when compared to conventional canola. 29 A multiple missense mutation in endogenous maize EPSPS produced by site-directed mutagenesis (GA21 gene) is utilized to generate commercial glyphosate resistance in some varieties of maize. 30 All GRC varieties use the CP4 EPSPS gene, except for the GA21 maize varieties.
To date, GR soybean, cotton, canola, sugarbeet and maize are available to farmers of North America 9,31 ( Table 1 ). The adoption rate of GR cotton, soybeans and maize in North America has been high 32 ( Fig. 1) . This has been in large part because of the significantly reduced cost of excellent weed control obtained with recommended doses. It is applied in foliar sprays, so that its presence in soil is from direct interception of spray by the soil surface or from runoff or leaching of the herbicide and/or its breakdown products from vegetation. Glyphosate can also be translocated to roots from foliar tissues and exuded by the roots into the soil.
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The kinetics of dissipation and half-life in soil show that any disturbance on the ecosystem would be very transient. Mamy et al., 58 comparing the fate of glyphosate in three soils with that of four herbicides (trifluralin, metazachlor, metamitron and sulcotrione) that were formerly used frequently on crops that have now been made glyphosate resistant, found that glyphosate had the shortest half-life, which varied with soil type, whereas trifluralin had the longest. At 140 days after herbicide applications, the amounts of glyphosate and its metabolite residues in soils were the lowest in two soils, but not in a third loamy sand with low pH. The environmental advantage in using glyphosate due to its rapid degradation might be counterbalanced by accumulation of AMPA, as there have been few studies showing effects of AMPA on ecotoxicity to soil or aquatic organisms. Araujo et al. 52 found that after 32 days incubation with glyphosate, the number of actinomycetes and fungi had increased, while the number of bacteria was slightly reduced. They also detected the glyphosate metabolite AMPA, indicating glyphosate ingredient in 2001 (between 39 million and 41 million kilograms), displacing atrazine, which had been the most used active ingredient in agriculture for a number of years. 47 Heimlich et al. 43 pointed out that the adoption of GRCs resulted in the replacement of herbicides that are sometimes at least three times more toxic, and that persist nearly twice as long as glyphosate. Gardner and Nelson 40 found similar effects of adoption of GRCs. In conventional tillage systems, they estimated the number of LD 50 doses of herbicides applied per hectare to be reduced 17-98%, depending on the GRC.
Herbicide use patterns and rates of use are not static with GRCs. The appearance of GR weeds, both natural and evolved, is leading farmers to increase dose rates and the number of applications of glyphosate, as well as to use other herbicides with GRCs. Current trends in herbicide use in US soybeans indicate that the volume of herbicides used may be going up. 44 This trend is jeopardizing the initial toxicological risk reduction due to adoption of GRCs. 40 Many strategies to stop or mitigate the evolution of and shifts to GR weeds have been proposed.
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Effects on Soil
Glyphosate has a moderate half-life in soils with an average value of approximately 47 days, reaching 174 days in some soils under some conditions. 49, 50 Glyphosate strongly adsorbs to soil particles and is rapidly degraded by soil microbes (reviewed by Duke 51 and Duke et al. 27 ). It has little or no herbicidal activity after it reaches the soil, and it is degraded by many microbes to glyoxylate and AMPA. 52 Other microbes can convert glyphosate to inorganic phosphate and sarcosine, and some can use glyphosate as both a carbon and phosphorus source. The two microbial pathways 53 for mineralization of glyphosate in soil are shown in Figure 2 . Glyphosate is rapidly degraded by soil microbes, even at high application rates, without adversely affecting overall microbial activity. 54 Haney et al. 54, 55 found an increase in cumulative soil carbon mineralization with increasing glyphosate rate. The CO 2 flush 2 days after application suggested that glyphosate was either readily and directly utilized by soil microbes or made other resources available.
In a study conducted for 5 years under continuous GR maize, 24 soils maintained greater soil organic carbon and nitrogen as compared with continuous non-GR maize. The authors concluded that glyphosate use results in minor effects on soil properties, including microbial communities. They speculated that the enhanced organic carbon and plant residues in surface soils under conservation practices buffer potential effects of glyphosate on biological and chemical properties of soil. Persistence in soil and effects on soil biota. Glyphosate is considered not to be a significant soil contaminant when used at Krzysko-Lupicka and Sudol, 65 determined that the dominating species of Fusarium were Fusarium solani H30, Fusarium solani H50 and Fusarium oxysporum H80 and that survival of Fusarium spp. in the soil environment was potentially dangerous to crops. In another study, Meriles et al. 66 also found that in soil treated with a range of glyphosate concentrations, populations of Fusarium and Pythium species increased proportionally to the increment of glyphosate concentration, and no effect was found on Trichoderma spp. and Gliocladium spp. populations. In a recent review, Powell and Swanton 67 concluded that there was still insufficient data to determine whether glyphosate application increases incidence of Fusarium spp. associated diseases in GR crops.
High doses of glyphosate in soil will reduce colonization of pepper (Capsicum annuum) plant roots with mycorrhizae. 68 Whether effects were due to a direct effect on the mycorrhizae or to effects on the plant is not known. The doses of glyphosate used also inhibited growth of pepper. However, plants with mycorrhizae were more resistant to the growth-inhibiting effects of glyphosate. The authors concluded that mychorrhization might be useful in making plants more resistant to glyphosate in soil. The effects of glyphosate on mychorrhization in GRCs are unknown.
Effects of GRCs on tillage systems. Reduced or zero tillage agronomic systems have been facilitated by GRCs. These systems contribute to reductions in soil erosion from water and wind, fossil fuel use, air pollution from dust, loss of soil moisture, and soil compaction. 69 Reduced tillage also improves soil structure, leading to reduced risk of runoff and pollution of surface waters with sediment, nutrients and pesticides. Loss of top soil due to tillage is perhaps the most environmentally destructive effect of agriculture. Even taking land out of its natural state for agriculture is more rapidly reversible than the loss of top soil, which, once lost, can take centuries or even millenia to return to its preagricultural natural state.
In a five-year period in the USA, during which the planting of GR soybeans increased from only a few percent to about 70% (Fig. 1) , a survey by the American Soybean Association (2001) 70 found that 53% of USA soybean farmers made an average of 1.8 fewer tillage passes per year through their soybean fields since GR soybeans were introduced. This translates to a savings of $385 million per year in reduced tillage costs. A more recent study has also shown a dramatic increase in the adoption of no-tillage and reduced tillage management associated with the growing of GR soybeans (Fig. 3) . 39 Similarly, there has been a rise in no-tillage agriculture in soybeans in Argentina with the adoption of GR soybeans, where there is a loss of 10 tons of topsoil per hectare in soybeans produced with conventional tillage. 37 Before GR cotton was introduced, essentially all cotton in the USA was grown with conventional tillage methods. Farmers in the USA growing GR cotton during 2002-2006 were much more likely to use reduced tillage and notillage practices than those planting conventional cotton. 39 Use of GRCs has generally resulted in fewer herbicide applications, meaning fewer trips across the field with a tractor. This should result in less soil compaction; however, to our knowledge, the shift to no-tillage agriculture that many farmers using GRCs degradation by soil microorganisms. Other studies 54, 55 have generated data strongly suggesting that glyphosate causes enhanced microbial activity directly. An increase in the carbon mineralization rate occurred the first day following glyphosate addition and continued for 14 days. Glyphosate appeared to be rapidly degraded by soil microbes regardless of soil type or organic matter content, even at high application rates, without adversely affecting microbial activity.
Studying the effects on bacterial density, Zabaloy et al. 59 observed an early stimulation of substrate-induced respiration and aerobic heterotrophic bacteria. Overall, Busse et al. 60 concluded that long-term, repeated applications of glyphosate had minimal effect on seasonal microbial characteristics despite substantial changes in vegetation composition and growth. Instead, variation in microbial characteristics was a function of time of year and site quality. Community size, activity and metabolic diversity generally were greatest in the spring and increased as temperature and moisture conditions improved, regardless of herbicide treatment. They also suggested that artificial media assays are of limited relevance in predicting glyphosate toxicity to soil organisms and that field rate applications of glyphosate should have little or no effect on soil microbial communities. Levesque and Rahe, 61 also found no clear effect on soil microbial communities.
Glyphosate can be directly toxic to both soilborne bacterial and fungal plant pathogens with glyphosate-sensitive EPSPS. 62, 63 The relationship between glyphosate and Fusarium spp. has been studied more than other glyphosate/pathogen interactions. Kremer et al. 64 examined exudates of hydroponically grown GR soybean at 16 days post-glyphosate application. They found with in vitro bioassays that glyphosate in the exudates stimulated growth of some rhizosphere fungi, possibly by providing a selective C and N source combined with the high levels of carbohydrates and amino acids associated with glyphosate treatment of the soybean plants. This promotes fungal populations that develop under glyphosate treatment of GR soybean, stimulating growth of selected Fusarium spp. from the soybean rhizosphere. in the amount used, their simulations revealed that the pesticides with the highest potential of groundwater contamination when used at the levels were bentazon, imazethapyr, fomesafen, 2,4-D, methamidophos, imazaquin, followed by the less used thiodicarb, and monocrotophos.
Long-term studies conducted in Canada with the herbicides glyphosate, dicamba, 2,4-D, bromoxynil, methylchlorophenoxyacetic acid (MCPA), diclofop and triallate showed no residues of glyphosate in groundwater. 76 Various studies have shown that glyphosate contaminates surface water less than several alternative herbicides (summarized by Carpenter et al. 19 ). Once in surface water, it dissipates more rapidly than most other herbicides. In the intensely farmed maize-growing regions of the midwestern USA, surface waters have often been contaminated by herbicides, principally as a result of rainfall runoff occurring shortly after application of these to maize and other crops. 50 A model was used to predict maize herbicide concentrations in the reservoirs as a function of herbicide properties comparing broadcast surface pre-plant atrazine and alachlor applications with glyphosate or glufosinate post-emergent herbicides with both GR and glufosinate-resistant maize. 50 Because of greater soil sorptivity, glyphosate loads in runoff were generally one-fifth to one-tenth those of atrazine and alachlor, indicating that the replacement of pre-emergent maize herbicides with glyphosate would dramatically reduce herbicide concentrations in watersheds. Even if glyphosate does find its way into watersheds, it is considered one of the safest pesticides to aquatic systems. Indeed, glyphosate is one of the few herbicides deemed safe enough for approved use in aquatic environments for vegetation emerging from water (e.g., cattails) or growing on banks of water systems.
Zablotowicz et al. 77 found that there was an association of reduced herbicide contamination of surface water with the adoption of GR cotton and soybeans in the Missisippi Delta. A more recent study by Shipitalo et al. 78 found in a multi-year study of GR soybeans grown in no-tillage or tilled conditions, that glyphosate runoff in surface water was below drinking water standard thresholds, whereas levels of certain other herbicides used as a comparison were not always below maximum allowable levels. AMPA levels in runoff water were also low.
In a comprehensive survey of the US Geological Service, USGS, (1998), 79 more than 95% of all samples collected from streams and rivers contained at least one pesticide, compared to about 50% for ground water. Glyphosate was not among them. Although this study was done before the widespread adoption of GRCs, glyphosate was widely used as both a preplant and postharvest herbicide, as well as a harvest aid. Other studies also found no glyphosate in ground water in the United States where glyphosate is applied on no-tillage cropping systems 80 and in Brazil in various cropping systems. [81] [82] [83] [84] [85] Similar results were found for surface waters. 86 Leaching of glyphosate and/or its metabolite AMPA was studied in a low-tillage field and a normal tillage field. 80 A significant difference between the soil residual concentrations of AMPA was seen, with the higher concentration found where low-tillage had been practiced and where glyphosate had been used several times in the years before sampling soil. Spatial and temporal variations in concentrations of glyphosate and AMPA have been observed in pre-and post-application 45-cm deep soil cores divided into have made has not been studied in the context of soil compaction, nor have soil compaction factors been related to soil microbial activity or shifts in weed species.
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Surface and Groundwater Quality
In a recent review, Borggaard et al. 23 concluded that the risk of ground and surface water pollution by glyphosate seems limited because of sorption onto variable-charge soil minerals (e.g., aluminum and iron oxides) and because of microbial degradation. Although sorption and degradation are affected by many factors that might be expected to affect glyphosate mobility in soils, glyphosate leaching seems mainly determined by soil structure and rainfall. Glyphosate in drainage water runs into surface waters but not necessarily to groundwater because it may be sorbed and degraded in deeper soil layers before reaching the groundwater. According to the World Health Organization (WHO) 71 guidelines, under usual conditions, the presence of glyphosate and AMPA in drinking-water does not represent a hazard to human health. An extensive review conducted by Vereecken, 72 about the mobility and leaching of glyphosate concluded that in the USA and Europe there was a low occurrence of glyphosate in groundwater.
Klier et al., 73 studying glyphosate behavior based on the pesticide transport model LEACHP and the model PLANTX to simulate the pesticide uptake by plants implemented in the modular modeling system EXPERT-N, concluded that glyphosate transport measurements and the mathematical modeling results indicate that, due to the high sorption of glyphosate to the soil matrix and the high microbial capacities for glyphosate degradation, soil leaching risks can be considered to be low. On the other hand, Mamy et al. 74 found that the main metabolite of glyphosate, AMPA, was more persistent than glyphosate and because of the detection of AMPA in the deep soil layer, the replacement of both trifluralin and metazachlor due to glyphosate resistant oilseed rape might not contribute to decreasing environmental contamination by herbicides. But contamination does not equal toxicological hazard. They also concluded that predictions of the pesticide root zone model (PRZM) underestimated the dissipation rate of glyphosate and the formation of AMPA in the field.
Laitinen et al. 57 suggested that plant translocation of glyphosate to roots should be included both in leaching assessments and pesticide fate models. After glyphosate fate was simulated with the PEARL 3.0 model, the observed and simulated glyphosate residues in soil after canopy applications did not correlate, highlighting the importance of the translocation process in glyphosate fate in soil. Their studies indicated that some soil glyphosate residues must originate from exudation from plant roots, and that the trans location process should be included both in leaching assessments and pesticide fate models.
Scorza et al. 75 using the PEARL model to establish a ranking considering the main pesticides and their potential to contaminate groundwater in Brazil, evaluated 4,374 agronomic prescriptions used in the Dourados river watershed and concluded that the most used pesticides on the watershed area were glyphosate followed by 2,4-D, fipronil, methamidophos, imazaquin, parathion-Me, trifluralin and atrazine. Although glyphosate scored high environment. Half-lives of glyphosate vary from 60 hours for ground water samples exposed to sunlight to 770 hours for those stored under dark conditions. 90 Ground water contamination risks for a particular herbicide use should be evaluated in the context of where the herbicides are replaced. As shown in Table 2 , in Brazil special attention should be given to atrazine. 91, 92 Atrazine was used in most acreage before GRC introduction. Atrazine is banned in Europe due to the water contamination potential. Wauchope 93 has shown that atrazine has a high potential for groundwater contamination despite its moderate solubility, which explains the detection of the pesticide in concentrations that exceed the health advisory level in some wells in the United States located on irrigated lands. 94 According to Shipitallo et al. 78 replacing atrazine and 15-cm intervals. 87 Simonsen et al., 88 studying the fate of glyphosate and its byproduct AMPA in soil, found that both compounds were better extracted from soil when phosphate was used as an extraction agent, compared with pure water indicating that the risk of leaching of aged glyphosate and AMPA residues from soil is greater in phosphate-fertilized soil.
Degradation of pesticides in aquifers has been evaluated, and glyphosate was found to be degraded under both anaerobic and aerobic conditions, as opposed to some other herbicides such as MCPA and mecoprop. 89 Certain pesticides were not degraded in water under aerobic or anaerobic conditions (dichlobenil, bentazon, isoproturon and metsulfuron-methyl). This could be important when using glyphosate on GRCs, if the herbicide leached sufficiently to reach ground water, which is a more anaerobic rates <4 kg/ha and only slightly greater at application rates of 8 kg/ha. Solomon et al. 100 also found no significant effect on aquatic organisms of use of glyphosate as aerial spray in Colombia to eradicate illicit coca plantations. Analyses of surface waters in five watersheds showed that, on most occasions, glyphosate was not present at measurable concentrations. Similarly, studies with surface water and sediment with glyphosate have also shown that adsorption to the bottom sediments, microbial degradation, the persistence of glyphosate in freshwater pond and effect on fishes used in the in situ bioassays posed no serious hazard.
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Conclusion
Glyphosate/GRC weed management offers significant environmental and other benefits over the technologies that it replaces. 11 We have provided an abbreviated survey of the potential impacts (risks and benefits) of GRCs on soil and water quality. Clearly, we and many of the authors who have written on this topic emphasize that risks and benefits of any GRC are very geography and time dependent. For example, increasing GR weeds in GRCs are changing how farmers use these crops, and in most cases reducing the environmental benefits of GRC systems. Glyphosate is more environmentally and toxicologically benign than many of the herbicides that it replaces. Its effects on soil and water are relatively small. Soil erosion caused by tillage results in long-term environmental damage. Being a broad-spectrum, foliarly applied herbicide, with little or no activity in soil, glyphosate is highly compatible with reduced-or no-tillage agriculture and has contributed to the adoption of these practices in the Western Hemisphere. This contribution to environmental quality by GRCs is perhaps the most significant one. Numerous regulatory tests of glyphosate and glyphosate products, using rigorous protocols meeting international standards, as well as product post-marketing surveillance, have failed to reveal any effects that could help substantiate any claims of adverse health and environmental outcomes. 102 alachlor with glyphosate can reduce the occurrence of dissolved herbicide concentrations in runoff exceeding drinking water standards.
Glyphosate is considered to have a low risk for leaching 95 and has a low GUS (Ground-water Ubiquity Score) index ( Table 2) . 4 The GUS index 96 assesses the leachability of molecules and the possibility of finding these herbicides in groundwater. The index is based on two widely available herbicide properties: half-life in soil (t ½ soil ) and partition coefficient between soil organic carbon and water (K oc ). It can be calculated by the equation: GUS = log 10 (t 1/2 ) x [4 -log 10 (K oc )] Aquatic biota. Peterson and Hulting 97 compared the ecological risks of glyphosate used in GR wheat with those associated with 16 other herbicides used in spring wheat in the northern Great Plains of the USA. A Tier 1 quantitative risk assessment method was used. They evaluated, among other things, acute risk to aquatic vertebrates, aquatic invertebrates and aquatic plants, and also estimated groundwater exposure. They found less risk with glyphosate than with most other herbicides to aquatic plants and groundwater ( Table 3) .
As we mentioned earlier, glyphosate is less likely to pollute ground and surface waters than many of the herbicides that it replaces. A life-cycle assessment technique used to compare conventional sugarbeet agricultural practices with risks that might be expected if GR sugarbeet were grown suggested that growing this GRC would be less harmful to the ecology of water for the herbicide-resistant crop than for the conventional crop. 98 These results suggest less impact of GRCs on aquatic vegetation than conventionally grown crops.
Glyphosate was also evaluated for ecological risk assessment, and it was found not to bioaccumulate, biomagnify or persist in an available form in the environment. 99 This study also showed that the risk to aquatic organisms is negligible or small at application
